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METHOD, APPARATUS, AND ARTICLE OF 
MANUFACTURE FOR PREDICTING 

ELECTRICAL BEHAVOR OF A MULTIPORT 
DEVICE HAVING BALANCED DEVICE 

PORTS 

BACKGROUND 

Data transfer rates for digital electronics are increasing in 
all areas of wire-leSS and wire-line communication. 
Accordingly, digital data Streams for Video, high-definition 
television (HDTV), graphics, serial interface and many other 
applications are requiring higher bandwidth. The increase in 
digital data transfer rates is due in part to the growing 
popularity of the Internet and requires high Speed intercon 
nects between chips, functional boards and Systems. AS one 
of ordinary skill in the art appreciates, the data is digital, but 
the transmission media that the digital data travels along is 
analog. 
The increase in bandwidth serves to render the digital 

communication circuits more Susceptible to noise Sources. 
In order to achieve the higher data transmission rates, the 
electronic circuits must improve immunity to electromag 
netic interference, be capable of Suppression of even order 
harmonics, and have a higher tolerance to non-ideal 
grounds. Use of balanced transmission topologies helps to 
achieve the foregoing. Accordingly, balanced transmission 
topologies are becoming more prevalent than in the past. 
Those of skill in the art familiar with the term “balanced 
topology understand it to mean that there are two appro 
priately coupled conductor lines delivering an electrical 
Signal to a single balanced port of a device. Two terminals 
form a single balanced port of a device, where each terminal 
is connected to one of the coupled conductors. AS used 
herein, the term “device” refers to any device or circuit that 
exhibits electrical behavior. An analysis of balanced devices 
may be achieved by transforming the Standard S-parameters 
of the device into mixed-mode S-parameters. The mixed 
mode S-parameters describe differential mode and common 
mode Signals propagating in a balanced Structure. The 
differential mode occurs when two coupled conductors are 
driven with equal magnitude and 180 degrees out of phase 
with respect to each other. The common mode occurs when 
two coupled conductors have equal magnitude and are in 
phase with respect to each other. An ideal Signal in a 
balanced structure is pure differential mode. Differential 
mode is advantageous because a high-speed digital differ 
ential receiver can produce a larger Voltage, relative to the 
Single-ended case, and represents a digital “1” where the 
Voltages on the coupled conductors represent the State “1” 
and have an opposite polarity. Similarly, the differential 
receiver produces a Smaller Voltage, relative to the Single 
ended case, and represents a digital “0” where the Voltages 
on the coupled conductors represent State “0” and have an 
opposite polarity. The purpose of coupling the conductors of 
a balance topology is to force any common mode Signal, 
Such as noise generated in the return path of the ground 
plane, to appear equally and in-phase on both conductors, 
thereby canceling at the digital differential receiver. 
AS part of the toolkit used by digital designers of devices 

having Single-ended topologies, test, measurement, and 
analysis methods have been developed to help designers 
predict electrical behavior of a device that is comprised of 
multiple interconnected devices and elements from a model. 
After preparing a device design, the designer is able to 
mathematically predict the electrical behavior of the newly 
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2 
designed device and compare it against desired performance 
Specifications for the device. In Some cases, the predicted 
electrical behavior does not meet the desired performance 
Specifications and, therefore, does not address the needs to 
which a device is being designed. In Such a case, an 
electronic designer chooses to not prototype the newly 
designed device and proceeds to re-design the device to 
achieve the desired predicted behavior. Obviating the pro 
totyping Step for an under-performing device prevents waste 
of effort and money and helps to improve time to market 
with a better-performing product. 

Agilent Application note 1364-1 entitled “De-embedding 
and Embedding S-Parameter Networks. Using a Vector Net 
work Analyzer” (herein “De-embedding/Embedding Appli 
cation Note”), teaches a method termed “de-embedding”. 
The de-embedding method is used to determine the 
S-parameters of a device from a measurement of the device 
cascaded with two adapters, and a measurement of the two 
adapters themselves. The De-embedding/Embedding Appli 
cation Note also teaches a method termed “embedding” for 
predicting electrical behavior of a modeled device. In the 
embedding process, a combination of device S-parameters 
and two adapter S-parameters helps to predict the behavior 
of the device in electrical combination with the adapters. 
The S-parameters used in the embedding process may be 
obtained from the de-embedding process or may be obtained 
through modeling a circuit and calculating the associated 
S-parameters. The use of the methods for embedding and 
de-embedding provide an important link between the com 
puter aided design tools and the measurement tools in the 
electronic designers toolkit. 
One limitation of the embedding method taught in the 

De-embedding/Embedding Application Note is the applica 
tions of the teachings are directed to Single-ended devices. 
The prior art does not provide a method applicable to 
balanced devices, yet the use of balanced devices in the 
electronic design field is increasing. There is a need, 
therefore, for an embedding method applicable to balanced 
devices and circuits. 

The use of devices and circuits having both balanced and 
Single-ended device ports is also becoming more prevalent. 
Devices or circuits having both port Styles are herein 
referred to as “mixed-port devices”. It is to be understood 
that the term “devices” refers to both devices and circuits. In 
mixed-port devices, it is common that the Single-ended 
device ports and balanced ports interface a Single-ended 
topology with a balanced topology to integrate Single-ended 
and balanced topologies together as a single working Sys 
tem. There is a need, therefore, for a method of predicting 
electrical behavior of both pure balanced as well as mixed 
port devices. 

In many balanced topologies, the user desires to predict 
the electrical behavior of a device when it is embedded in a 
matching network. Typically, a model or S-parameter mea 
Surement represents the matching network. A Vector Net 
work Analyzer (VNA) measures the S-parameters of linear 
devices. Because most commercially available VNAS are 
calibrated to a 50-ohm Standard, the measured S-parameters, 
S, are normalized to a 50-ohm characteristic impedance. 
The S-parameter matrix, S, therefore, is a function of the 
characteristic impedance. Some balanced devices Such as 
balanced filters require normalization to a characteristic 
impedance other than the conventional 50-ohms for Single 
ended device ports and the conventional 100-ohms for 
balanced ports. Additionally, the device impedance normal 
ization might be different from port to port. Many commer 
cial Electronic Design Automation Software packages are 
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available to model Single-ended matching networks repre 
Sented by a model and permit the model to be normalized to 
a user-specified impedance. No Such commercial Software 
package exists for balanced and mixed-port topologies. 
There is a need, therefore, for a method of embedding pure 
differential and mixed-port devices that permits normaliza 
tion to an arbitrary impedance value. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a representation of an embodiment of a balanced 
matching network according to the teachings of the present 
invention. 

FIG. 2 is a representation of a balanced impedance 
translation element. 

FIG. 3 is a representation of a shunt network element. 
FIG. 4 is a representation of a lattice network element. 
FIG. 5 is a representation of a balanced device having 2n 

balanced device ports, the device embedded in a plurality of 
balanced matching networks. 

FIGS. 6-18 are examples of circuit elements that may be 
used together with the matching network of FIG. 1. 

FIG. 19 illustrates a model of a device having one 
Single-ended device port and one balanced device port in 
combination with one single-ended matching network and 
one balanced matching network, respectively. 

FIG. 20 is a representation of an embodiment of a 
Single-ended matching network according to the teachings 
of the present invention. 

FIG. 21 is a representation of a Single-ended impedance 
translation element. 

FIG. 22 is a representation of a Single-ended shunt net 
work element. 

FIG. 23 is a representation of a single-ended lattice 
network element that reduces down to a Series impedance 
element. 

FIG. 24 is a flow chart representation of an embodiment 
of a method utilizing the teachings of the present invention. 

DETAILED DESCRIPTION 

A matching circuit or network represents an electrical 
model that describes the impedance presented to a device. 
The teachings of the present invention permit Specification 
of a particular matching circuit that is represented in com 
bination with a device. With specific reference to FIG. 1 of 
the drawings, there is shown a matching network 100 having 
balanced input port 102, comprising first and Second input 
terminals 104,106 and balanced output port 108, comprising 
first and second output terminals 110, 112. The matching 
network 100 is an embodiment of a general circuit model to 
represent an impedance between the balanced input port 102 
and the balanced output port 108. The embodiment of the 
matching network 100 shown in FIG. 1 comprises an 
electrical combination of three different Sub-circuits. Each 
Sub-circuit is represented with a respective Single balanced 
input port and a single balanced output port. 

Conventional VNAS measure parameters of a device in a 
fixed impedance environment. Typically, the fixed imped 
ance environment is 50 ohms for all measured device ports 
and is referred to as the “reference characteristic imped 
ance'. It is desirable to permit Selection of an arbitrary 
impedance for each port of a device being characterized. A 
first Sub-circuit Section is an impedance translation element 
202 and is shown in FIG. 2 of the drawings. The impedance 
translation element 202 is an idealized model of a balanced 
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4 
2-port circuit element that converts an impedance at a 
balanced impedance translation input port 204 to a different 
impedance at a balanced impedance translation output port 
206. 
A Second Sub-circuit Section is a general balanced 2-port 

shunt network 302 as shown in FIG. 3. The shunt network 
302 comprises a parallel impedance element 304 disposed 
between first and second shunt nodes 306, 308. The first 
shunt node 306 is common to first input terminal 310 and 
first output terminal 314. The second shunt node 308 is 
common to Second input terminal 312 and Second output 
terminal 316. First and second input terminals 310, 312 
comprise first balanced input port 318 for the shunt network 
302. First and second output terminals 314, 316 comprise 
second balanced output port 320 for the shunt network 302. 
The general shunt network 320 also comprises first shunt 
element 322 electrically disposed between the first shunt 
node 306 and common potential 101 and second shunt 
element 324 electrically disposed between second shunt 
node 308 and common potential 101. As one of ordinary 
skill in the art will appreciate, when using Such a model, any 
one of the impedance elements may be generalized as either 
a short or an open circuit. 
A third Sub-circuit Section is a general balanced 2-port 

lattice network 402 as shown in FIG. 4 of the drawings. The 
lattice network 402 comprises a first Series impedance 
element 404 between first and third lattice network nodes 
406, 410. The lattice network 402 also comprises a second 
Series impedance element 414 between Second and fourth 
lattice network nodes 408, 412. The first and second lattice 
network nodes 406, 408 comprise a balanced input port 416 
of the lattice network 402. The third and fourth lattice 
network nodes 410,412 comprise a balanced output port 418 
of the lattice network 402. The general lattice network 402 
further comprises first and Second croSS impedance elements 
420, 422. The first cross impedance element 422 is electri 
cally disposed between first and fourth lattice network nodes 
406, 412. The second cross impedance element 420 is 
electrically disposed between Second and third lattice net 
work nodes 408, 410. As one of ordinary skill in the art will 
appreciate, when using Such a model, any one of the 
impedance elements may be generalized as either a short or 
an open circuit. 
The matching network embodiment shown in FIG. 1 

comprises one impedance translation element 202 and two 
circuits comprising the combination of one shunt network 
302 and one lattice network 402. FIG. 1 represents one 
embodiment of a general circuit to represent an impedance 
between the balanced input port 102 and the balanced output 
port 108. A more complex matching circuit may be repre 
Sented as a combination circuit including as many additional 
shunt and lattice networks as necessary. 
With specific reference to FIG. 5 of the drawings, there is 

shown a multi-port device 500 having a balanced topology. 
The device 500 is embedded within a plurality of balanced 
matching networks Similar in Structure to the balanced 
matching network 100 illustrated in FIG. 1 of the drawings. 
The teachings of the present invention together with the 
benefit of the disclosure of U.S. patent application Ser. No. 
10/098,040 entitled “Method, Apparatus, and Article of 
Manufacture for Characterizing a Device and Predicting 
Electrical Behavior of the Device in a Circuit filed Mar. 14, 
2002, (herein “the Embedding/De-embedding patent 
application') permit prediction of the S-parameters of the 
multi-port device 500 embedded within a plurality of the 
balanced matching networks 100. The Embedding/De 
embedding patent application, the teachings of which are 
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hereby incorporated by reference, teaches a method for 
predicting the behavior of any N-port device in electrical 
context with a 2N-port adapter to which it is connected. The 
teachings show how the electrical behavior of a cascaded 
combination of two devices or circuits may be predicted 
when the Scattering parameters (“S-parameters”) of both the 
device and the adapter(s) to which it is connected are known. 
The result is a cascaded S-parameter matrix, S. 

To use the teachings of the Embedding/De-embedding 
patent application, the S-parameters of each one of the 
matching balanced networks, represented as S, are 
obtained. With specific reference to FIG.3 of the drawings, 
Z1 represents the complex impedance of the first shunt 
element 322, Z2 represents the complex impedance of the 
parallel element 304, and Z3 represents the complex imped 
ance element of the Second shunt element 324. Accordingly, 
the open-circuit impedance matrix, Z, of the Shunt network 
302 is: 

(1) 

With specific reference to FIG. 4 of the drawings, Z4 and 
Z7 represent the complex impedance of the first and Second 
series impedance element 404 and 414, respectively. Z5 and 
Z6 represent the complex impedance of the first and Second 
croSS impedance elements 422 and 420, respectively. 
Accordingly, the short-circuit admittance matrix, Y, of the 
lattice network 402 is: 

+ - - - (2) 
Z4 Z5 Z4 Z5 

1 1 1 1 

Y= Z6 77 Z, Z7 
1 1 1 1 
Zi 76 Zi "Zo 
1 1 1 1 
Z5 7 0 7.5 + 77 

Each shunt, Series and croSS impedance element of the 
matching network illustrated in FIG. 1 of the drawings can 
be any one in a number of circuits. AS an example and for 
illustrative purposes only, Some of the more common circuit 
topologies are shown FIGS. 6 through 14 of the drawings. A 
designer of balanced topologies chooses to represent each 
one of the impedance elements 114 through 128 in a model 
of the matching network 100. Each one of the circuits shown 
in FIGS. 6 through 14 may be represented in terms of their 
complex impedances. Accordingly, each one of the imped 
ance elements 114 through 128 that is a constituent part of 
the matching network 100 may be represented mathemati 
cally in terms of a real and imaginary impedance compo 
nent. The real and imaginary parts of each complex imped 
ance shown in FIGS. 6 through 14 are described by 
Equations 3 through 11, respectively. 

Re(Z) = R, Im(Z) = 0 (3) 

-1 (4) 
Re(z) = 0, Im(z) = 

1O 
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6 
-continued 

(11) 
Re(z) = 0, Im(z) = r 

where, R represents resistance in ohms, L represents induc 
tance in henries, C represents capacitance in farads and 
W=2tf, where It is a constant and frepresents frequency of 
operation in Hertz. More complex impedance elements may 
be constructed from Series or parallel interconnections of the 
common topologies given by FIGS. 6 through 14. As an 
example, FIG. 15 is constructed from a parallel combination 
of the circuits shown in FIGS. 8 and 9 of the drawings. FIG. 
16 is constructed from a parallel combination of FIGS. 7 and 
10. FIG. 17 is constructed from a parallel combination of 
FIGS. 6 and 11. FIG. 18 is constructed from a series 
combination of FIGS. 6, 7, and 8. The complex impedance 
characteristics of all of the circuits represented in FIGS. 6 
through 18 may be stored in a software library. When a 
circuit designer is establishing the appropriate matching 
network 100, Specific circuit topologies may be accessed 
from the library and inserted to the general model for the 
matching network using a conventional "click and drop' 
method. When all of the constituent impedances are selected 
for the matching network, the corresponding overall imped 
ance may be calculated. 

For each circuit having a complex impedance component, 
if the Q-factor and frequency of the inductive or capacitive 
reactance are specified, then the equivalent resistance can be 
calculated and Substituted into the impedance element. The 
equivalent series resistance R, of an inductor is given by: 

wL 12 Rol = (12) 

The equivalent series resistance Roc of a capacitor is given 
by: 

1 (13) 
Roc = wo 

The equivalent parallel resistance Roc of a capacitor is 
given by: 

14 Roc = } (14) 
C 

With specific reference to FIG. 1 of the drawings, all 
impedance elements 114 through 128 are normalized to the 
designated reference characteristic impedance, Z, before 
calculating the open-circuit impedance, Z, and short-circuit 
admittance, Y, matrices. Typically, the reference character 
istic impedance is designated as 50 ohms. The S-parameter 
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matrix, S, in terms of the open-circuit impedance and short 
circuit admittance matrices is given by: 

where, I is a 4 by 4 identity matrix defined by: 

(17) 

The S-parameters of each Sub-circuit Section that com 
prises the matching network 100 may be calculated from 
Equations (15) and (16). Using equations (1) or (2), it is 
possible to Solve for the overall impedance matrix of each 
constituent circuit. Using the resulting impedance matrix in 
equations (15) or (16), it is possible to solve for the 
corresponding S-parameter matrix of the constituent circuit. 
Using the teachings of the Embedding/De-embedding patent 
application, it is possible to combine two S-parameter matri 
ces to arrive at the S-parameter matrix for the electrical 
combination of two devices. This procedure is repeated for 
all Sub-circuits Sections until a Single overall S-parameter 
matrix of the matching network 100, S, is determined. The 
resulting S-parameter matrix for the matching network 100, 
S, is normalized to the same reference characteristic 
impedance as the impedance or admittance matrices. 

With specific reference to FIG. 5 of the drawings, there is 
shown the multi-port balanced device 500 embedded among 
a plurality of the balanced matching networks 100. Each 
balanced matching network 100 may be a different imped 
ance network through Selection of different constituent cir 
cuits for the impedance elements 114 through 128. Each of 
the matching networks 100 in which the balanced device 
500 is embedded, will have a distinct matching network 
S-parameter matrix, S. The teachings of U.S. patent appli 
cation Ser. No. 09/954,962 entitled “Method and Apparatus 
For Linear Characterization of Multi-terminal Single-ended 
or Balanced Devices' Filed Sep. 18, 2001 which claims 
priority from U.S. Provisional Application Ser. No. 60/233, 
596 (herein “the 596 Provisional Application”) is incorpo 
rated by reference herein and discloses a method for extract 
ing multi-port mixed-mode S-parameters. The method 
includes a transformation of a multi-port Standard device 
S-parameter matrix, designated as S., into a linear balanced 
parameter, known as mixed-mode S-parameters, designated 
by the matrix S. The mixed-mode S-parameters, S., 
provide terms that define the interaction between balanced 
and single-ended ports of the device. The 596 Provisional 
Application describes a general unifying Solution to extract 
the Single-ended and balanced parameters of any multi-port 
pure balanced topology or any multi-port mixed-port topol 
ogy. The method disclosed in the 596 Provisional Applica 
tion is able to predict any coupling between the balanced and 
Single-ended ports of the multi-port device including pure 
differential, pure common-mode, and pure Single-ended 
electrical behavior as well as the interaction between the 
differential and common-mode behavior, differential and 
Single-ended behavior, and Single-ended and common-mode 
electrical behavior. Using the teachings of the Embedding/ 
De-embedding patent application, if the S-parameters of the 
balanced device 500, S, are known, it is possible to 
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8 
determine the S-parameters of the cascaded combination of 
the multi-port balanced device 500 and the plurality of 
balanced matching networks 100. The resulting S-parameter 
matrix designation of the cascaded combination is S. After 
determining the S-parameters of the cascaded combination 
of the multi-port balanced device 500 and the plurality of 
matching networks 100, the resulting S-parameters, S., may 
be used with the benefit of the teachings of the 596 
Provisional Application to extract the mixed-mode 
S-parameters of the cascaded combination, S. The 
mixed-mode S-parameters provide information to help pre 
dict and analyze the differential, common mode, Single 
ended, and mixed-mode behavior of the cascaded combina 
tion. Accordingly, it is possible to extract the mixed-mode 
S-parameter matrix of the electrical combination of the 
balanced device embedded in a plurality of the balanced 
networks 100 from the linear S-parameters of the device and 
an impedance model of the balanced matching networks 
100. 

There is also a need to predict the electrical behavior of 
a mixed-port device, i.e. a device having both Single-ended 
and balanced ports. This Scenario is an extension of the 
general Solution presented herein. With Specific reference to 
FIG. 19 of the drawings, there is shown a mixed-port device 
1900. As illustrated, the mixed-port device 1900 is one that 
has both Single-ended as well as balanced matching circuits 
connected to different ports of the device 1900. There are 
many mixed-port devices in prevalent use. Examples 
include single-ended to balanced line baluns, filters, 3 dB 
Power Splitters/combiners, low temperature co-fired ceramic 
devices, and high performance microprocessor components 
and the integrated circuits that support them. 
FIG.20 illustrates a single-ended embodiment of a match 

ing network 2000. The single-ended matching network 2000 
comprises a simplified version of the general balanced 
matching network 100. Specifically, and with reference to 
FIGS. 1 through 4 of the drawings, if the second input and 
output terminals 106, 112 of the balanced matching network 
100 were connected to the ground potential 101, and the 
Second shunt node 308 and the second and fourth series 
nodes 408 and 412 were also connected to the ground 
potential 101, the result is the Single-ended matching net 
work 2000 shown in FIG.20. FIGS. 21 through 23 also show 
the resulting constituent Single-ended impedance translation 
element 2100 and single-ended shunt and lattice networks 
2200 and 2300. As one of ordinary skill in the art 
appreciates, terminating Specific nodes to the reference 
potential 101 results in a far simpler impedance path as 
compared to the balanced configuration. The general ele 
ments shown in FIGS. 21 through 23 are used to create the 
Single-ended matching network topology shown in FIG. 20. 
As with the general balanced matching network 100, it is 
possible to achieve additional embodiments of the Single 
ended matching network model by using additional Shunt 
and Series impedance elements in the circuit as appropriate 
for the application. A benefit of the general Solution taught 
herein is that it may be applied to any circuit configuration 
created to model the balanced and Single-ended matching 
networks 100 and 2000. 
The single-ended matching network 2000 embodiment 

shown in FIG. 20 comprises first and second shunt imped 
ance elements 2002 and 2004 and first and second series 
impedance elements 2006 and 2008. In order to calculate the 
S-parameters of the single-ended matching network 2000, 
the open-circuit impedance and short-circuit admittance is 
calculated for the constituent Sub-circuit elements 2001 
through 2008. 
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The open-circuit shunt impedance matrix Z of the FIG. 
22 is given by: 

Zil Zl (18) , , 
The short-circuit series admittance matrix Y of the FIG. 

23 is given by: 

(19) 

After determining the impedance or admittance matrices 
of the Sub-circuits using equations (18) and (19), the 
S-parameters of each Sub-circuit that comprises the Single 
ended matching network 2000 may be calculated using 
Equations (15) and (16). As one of ordinary skill in the art 
appreciates, in this case the matrix dimension of Equations 
(15) and (16) are 2 by 2. Using the teachings of the 
Embedding/De-embedding patent application, it is possible 
to determine the S-parameters of the cascaded combination 
of the two Sub-circuits. Repeating this procedure multiple 
times for all sub-circuits in combination with the previously 
cascaded circuit, a single S-parameter matrix for the entire 
single-ended matching network 2000 may be determined. 
The resulting S-parameter matrix is normalized to the same 
reference characteristic impedance as the open-circuit 
impedance matrices and short-circuit admittance matrices of 
the constituent parts. 
AS previously discussed, VNAS permit characterization of 

a device in a fixed impedance environment The 50 ohm 
environment, however, is often not representative of the 
actual electrical impedance environment of a device. 
Typically, each device port is connected to an impedance 
that has a value different from an impedance connected to all 
other device ports. The ability to characterize a device in an 
impedance environment closer to the impedance environ 
ment in which the device will operate provides for a more 
accurate and reliable characterization. There is a need, 
therefore, to characterize a device with user-Selected imped 
ance values at each port of the characterized device. The 
teachings of the present invention permit prediction of the 
electrical behavior of the cascaded combination of the 
single-ended or balanced device 1900, 500 in combination 
with one or more of the Single-ended or balanced matching 
networks 2000, 100 With specific reference to FIGS. 2 and 
21, there is shown balanced and Single-ended impedance 
translation elements 202 and 2100, respectively. The func 
tion of the impedance translation elements is to change the 
S-parameter matrix that is normalized to the reference 
characteristic impedance to a different impedance value. 
Ideally, a circuit designer may arbitrarily establish a nor 
malizing impedance value that is different from the refer 
ence impedance value. It is further desirable, that each port 
of the device 500 or 1900 be normalized to an impedance 
that is independent of the normalizing impedance Set for 
other ports of the device 500 or 1900. To achieve this 
impedance translation, a 2x2 matrix operation is used for the 
Single-ended matching networks and a 4x4 matrix operation 
is used for the balanced matching networks. The normal 
ization formulation described herein is for a balanced topol 
ogy; therefor a 4 by 4 matrix operation is deployed. The 
Same formulation may be used for the Single-ended case, 
except that a 2x2 matrix operation is deployed. 
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10 
For the balanced matching network 100, a solution for a 

4x4 S-parameter matrix that is normalized to a characteristic 
impedance different from the reference characteristic imped 
ance may be expressed in terms of the open-circuit imped 
ance matrix, Z, or short-circuit admittance matrix, Y. 
The mathematical equations Solving for the S-parameters 

as a function of the network impedance normalized to a 
different characteristic impedance are: 

where, the matrix, c, is a normalization matrix. 
The normalization matrix is constructed So that elements 

where the row and column Subscript are not equal have a 
value of Zero. If the row and column subscript of the 
normalization matrix are equal, then the matrix element has 
a non-Zero value. Accordingly, values are non-Zero only 
along the matrix diagonal. The non-Zero values are equal to 
the Square root of a characteristic impedance for each port 
being normalized. If the normalization for a port is to remain 
as is, the matrix element has a value of the Square root of the 
reference characteristic impedance Z. Accordingly, if port 
i is to be normalized to a different characteristic impedance 
than the reference characteristic impedance, then the value 
of the matrix element in row i, column i is equal to the 
Square root of the new characteristic impedance, VZoi, where 
i is equal to the port number to be normalized. The arbitrary 
impedance normalization matrix, c, for a two-port balanced 
device or four-terminal Single-ended device, therefore, is 
given by: 

VZo () O O (22) 

O VZ () O 
| O Zo3 O 

O O O WZo 

If all the ports are to be normalized to the reference 
impedance, then all values along the matrix diagonal for the 
normalization matrix have a value of VZer. In this case, the 
reference characteristic normalization matrix is the matrix 

c, and is defined for a two-port balanced device as: 

VZ. 0 O O (23) 

0 v. Zef 0 O 

or - 0 WZ. 0 
O O O Zref 

The S-parameter matrix that is normalized to the refer 
ence characteristic normalization matrix c, is matrix Sr. 
The matrix S is defined as the S-parameter matrix that is 
normalized to the arbitrary impedance normalization matrix 
c. Both normalized S-parameter matrices, S, and S, have 
the same open-circuit impedance or Short-circuit admittance. 
The S-parameters are dependent upon the characteristic 
impedance normalization. S-parameters normalized to dif 
ferent characteristic impedances, however, does not alter the 
open-circuit impedance or short-circuit admittance corre 
sponding to each S-parameter matrix. Accordingly, the 
impedance matrices calculated from both the S-parameter 
matrix normalized to a reference characteristic impedance 
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and the S-parameter matrix normalized to an arbitrary 
characteristic impedance are equivalent to each other. 

From Equations 20 and 21, the impedance and admittance 
matrices may be expressed as a function of the S-parameter 
matrix and the normalization matrix where: 

Z=c(I+S)(I-S)'c (24) 

and 

Y=c(I-S)(1+S)'c' (25) 

Because the process of normalizing the S-parameter matrix 
does not alter either the open-circuit impedance, Z, or the 
Short-circuit admittance, Y, then it is possible to apply the 
Same equation for two different normalization cases. Using 
the principle of the equality of the impedance and admit 
tance matrices regardless of the normalization, it is possible 
to solve for the S-parameter matrix with the arbitrary 
normalization as a function of the S-parameter matrix nor 
malized to the reference characteristic impedance, the ref 
erence normalization matrix, c, and the arbitrary normal 
ization matrix, c. AS an example, equation 24 is used to 
establish the impedance matrix, Z, as a function of both the 
S-parameter matrix normalized to the reference character 
istic impedance, Sr. and as a function of the S-parameter 
matrix normalized to the arbitrary impedance matrix, S. 
Accordingly: 

Using the principle of equality, the equations for Z may be 
Set equal to each other where: 

Using the admittance matrix, the following also applies 
according to the same principles expressed in equations 26 
through 29 where: 

Using the principle of equality, the equations for Y may be 
Set equal to each other where: 

c' (I-S)(1+S)'c'=c, (I-S,)(1+S)' cer' (32) 

Solving for the S-parameter matrix, S: 

S=(1-3)(1+?)' where f=c, "(I-S, )(1+S, 'c (33) 
Using the teachings of the present invention, therefore, the 
S-parameters for the cascaded combination of a balanced 
device, Single-ended device, or a device with both kinds of 
ports with one or more matching networks may be predicted 
at either the reference characteristic impedance or at an 
arbitrary impedance. 

It is beneficial to implement the teachings of the present 
invention in an embodiment that includes the processing, 
Storage, and graphical user interface capability of a com 
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puter. With specific reference to FIG. 24 of the drawings, the 
matching balanced network 100 such as the one illustrated 
in FIG. 1 may be graphically presented to a designer of a 
device such as the one represented as balanced device 500 
in FIG. 5 of the drawings. Each balanced port of the device 
500 may be connected to a different balanced matching 
network 100 even though the general circuit topology rep 
resentation is similar. Specifically, the circuit constructs of 
FIGS. 6 through 18 as well as others may be visually 
presented to the designer with a graphical user interface 
(herein “GUI”). In addition, an open and short may also be 
represented as an impedance element. Software on the 
computer permits the designer to "click' on one of the 
circuit constructs and “drop” it into one or more of the 
impedance elements in one of the balanced matching net 
WorkS. One or more of the matching networks may be 
represented in the GUI to a designer of balanced and 
mixed-port devices. Software on the computer permits the 
designer to "click” on one of the circuit constructs as shown 
in FIGS. 6-18 of the drawings to select it and then “drop' 
the Selected circuit construct into one or more of the imped 
ance elements in one of the Single-ended or balanced match 
ing networks. With specific reference to step 2402 of FIG.24 
of the drawings, this "click & drop' proceSS is repeated until 
all of the impedance elements that comprise the Single 
ended or balanced matching networks 100, 2000 are defined 
in terms of a circuit having impedance values. Also as part 
of the process, values for each electrical circuit, Such as 
resistance, inductance, capacitance, Q-factor and operating 
frequency may be assigned as appropriate. This step culmi 
nates in the representation of all of the matching networks 
100, 2000 in terms of their impedance elements, Z1 through 
Z14, shown as reference numerals 114 through 128 or 2002 
through 2008, and impedance translation elements 202 or 
2001. With specific reference to step 2404, when all of the 
single-ended or balanced matching networks 100, 2000 are 
defined with their constituent circuits, the processor of the 
computer is able to calculate the open circuit complex 
impedance matrix, Z, or the Short circuit complex admit 
tance matrix, Y, from equations (1) or (2) and (3) through 
(11). From the impedance or admittance matrices, Z or Y, the 
processor is able to calculate the associated S-parameters of 
the matching network, S, at the reference characteristic 
impedance. With specific reference to step 2406, it is also 
possible to obtain the S-parameters of the balanced device 
500, S., at a reference characteristic impedance. The device 
S-parameters, S., may be obtained through a model of the 
device 500 and calculation of the expected S-parameters, 
through a measurement of the S-parameters of an actual 
device, or from a data file accessible by the computer having 
the appropriate device S-parameters Stored for retrieval by 
the present process. With specific reference to step 2408 and 
using the teachings of the Embedding/De-embedding patent 
application, the processor is able to calculate the 
S-parameters of the cascaded combination of the balanced 
device 500 and the balanced matching networks 100, S. If 
desired, using equations (20) or (21), the processor is also 
able to calculate the cascaded S-parameters normalized at an 
arbitrary characteristic impedance for each port of the com 
bination of the device 500 and the matching networks 100, 
2000. With specific reference to step 2410, and with the 
benefit of the teachings of the 596 Provisional Application, 
the processor is then able to extract the mixed-mode 
S-parameters, S, of the resulting S-parameter matrix, S., 
to aid in the prediction of the electrical behavior of the 
balanced device 500 embedded in the plurality of matching 
networks 100, 2000. The software based implementation of 
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the balanced case as illustrated in FIG. 24 of the drawings 
and disclosed above, may be adapted and used for the 
Single-ended and mixed-port cases as well. An embodiment 
of a method according to the teachings of the present 
invention may be implemented using a personal computer 
with a Microsoft Windows Operating Environment using 
Microsoft Visual Studio 6.0, Rogue wave Stringray Studio, 
RogueWave Math H++, and the Victor Imaging Processing 
Library Software packages. 

Embodiments of the invention have been described herein 
by way of example and in conjunction with accompanying 
drawings. The description herein is illustrative of certain 
preferred embodiments, but the Scope of the invention is 
limited only by the appended claims. 
What is claimed is: 
1. A method of predicting electrical behavior of a device 

comprising the Steps of: 
representing at least one balanced matching network 

having a balanced input port and a balanced output 
port, 

representing a connection of Said at least one matching 
network between Said balanced output port and a 
balanced port of Said device, 

calculating a matching network S-parameter matrix, 
obtaining a device S-parameter matrix, 
calculating a cascaded S-parameter matrix for said match 

ing network in combination with Said device, and 
extracting mixed-mode cascaded S-parameters from Said 

cascaded S-parameter matrix. 
2. A method of predicting as recited in claim 1, the Step 

of representing said at least one matching network further 
comprising the Steps of representing Said at least one match 
ing network with a combination of a shunt network and a 
lattice network. 

3. A method of predicting as recited in claim 2 and further 
comprising the Step of representing Said at least one match 
ing network with an impedance translation element. 

4. A method of predicting as recited in claim 1, Said at 
least one matching network comprises a cascaded combi 
nation of a balanced impedance translation element, a first 
shunt network, a first lattice network, a Second shunt 
network, and a Second lattice network, wherein 

each said shunt network comprises a parallel impedance 
element between first and Second shunt nodes, and first 
and Second shunt elements between Said first and 
Second shunt nodes, respectively, and a reference 
potential, and 

each Said lattice network comprises a first Series imped 
ance element between first and third lattice nodes, a 
Second lattice impedance element between said Second 
and fourth lattice nodes, a first croSS impedance ele 
ment between Said first and fourth lattice nodes and a 
Second croSS impedance element between Said Second 
and third lattice nodes, 

calculating a corresponding matching network 
S-parameter matrix, and 

characterizing at least one port of Said device in electrical 
combination with Said matching network. 

5. A method as recited in claim 1 wherein said step of 
calculating Said matching network S-parameter matrix fur 
ther comprises the Steps of calculating an open circuit 
impedance matrix for each said first and Second shunt 
networks and calculating a short circuit admittance matrix 
for each Said first and Second lattice impedance networks, 
calculating an impedance matrix for Said matching network, 
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and converting Said impedance matrix to Said matching 
network S-parameter matrix. 

6. A method as recited in claim 5 and further comprising 
the Step of normalizing Said cascaded S-parameter matrix to 
an arbitrary characteristic impedance. 

7. A method as recited in claim 1 and further comprising 
the Step of extracting the multi-port mixed mode 
S-parameters from Said S-parameter matrix. 

8. A method as recited in claim 1 and further comprising 
the Step of representing at least one Single-ended matching 
network in electrical combination with at least one single 
ended port of Said device. 

9. A method as recited in claim 8 and further comprising 
the Step of representing a plurality of Single-ended ports in 
electrical combination with a respective plurality of Single 
ended ports of Said device. 

10. A method as recited in claim 1 and further comprising 
the Step of repeating Said steps of representing and calcu 
lating for multiple balanced ports of Said device. 

11. A method as recited in claim 10 wherein said step of 
representing applies to common mode ports of Said device. 

12. A method as recited in claim 11 wherein Said Step 
representing applies to differential ports of Said device. 

13. A method as recited in claim 1 and further comprising 
the Step of normalizing Said cascaded S-parameter matrix to 
an arbitrary impedance value. 

14. A method as recited in claim 13 and wherein said step 
of normalizing further comprises normalizing each port of 
Said matching network to a different impedance value. 

15. A system for predicting electrical behavior of a device 
comprising: 

a computational processing element, 
means for representing at least one balanced matching 

network having a balanced input port and a balanced 
output port, 

means for representing a connection of Said at least one 
matching network between said balanced output port 
and a balanced port of Said device, 

means for calculating a matching network S-parameter 
matrix, 

means for obtaining a device S-parameter matrix, 
means for calculating a cascaded S-parameter matrix for 

Said matching network in combination with Said 
device, and 

means for extracting mixed-mode cascaded S-parameters 
from Said cascaded S-parameter matrix. 

16. A System as recited in claim 15 and further comprising 
a graphical display device for obtaining external information 
regarding Said matching network. 

17. A system as recited in claim 15, wherein said means 
for representing Said at least one matching network further 
comprises a means for representing Said at least one match 
ing network with a combination of a shunt network and a 
lattice network. 

18. A system as recited in claim 17 wherein said means for 
representing further comprises means for representing Said 
at least one matching network with an impedance translation 
element. 

19. A system as recited in claim 15, wherein said at least 
one matching network comprises a cascaded combination of 
a balanced impedance translation element, a first shunt 
network, a first lattice network, a Second shunt network, and 
a Second lattice network, wherein 

each said shunt network comprises a parallel impedance 
element between first and Second shunt nodes, and first 
and Second shunt elements between Said first and 
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Second shunt nodes, respectively, and a reference 
potential, and 

each Said lattice network comprises a first Series imped 
ance element between first and third lattice nodes, a 
Second lattice impedance element between said Second 
and fourth lattice nodes, a first croSS impedance ele 
ment between Said first and fourth lattice nodes and a 
Second croSS impedance element between Said Second 
and third lattice nodes, 

means for calculating a corresponding matching network 
S-parameter matrix, and 

means for characterizing at least one port of Said device 
in electrical combination with Said matching network. 

20. A system as recited in claim 15 wherein said means for 
calculating Said matching network S-parameter matrix fur 
ther comprises means for calculating an open circuit imped 
ance matrix for each Said first and Second shunt networks 
and means for calculating a short circuit admittance matrix 
for each Said first and Second lattice impedance networks, 
means for calculating an impedance matrix for Said match 
ing network, and means for converting Said impedance 
matrix to Said matching network S-parameter matrix. 

21. A System as recited in claim 20 and further comprising 
means for normalizing Said cascaded S-parameter matrix to 
an arbitrary characteristic impedance. 

22. A System as recited in claim 15 and further comprising 
means for extracting multi-port mixed mode S-parameters 
from Said cascaded S-parameter matrix. 

23. A System as recited in claim 15 and further comprising 
means for representing at least one single-ended matching 
network in electrical combination with at least one single 
ended port of Said device. 

24. A System as recited in claim 23 and further comprising 
means for representing a plurality of Single-ended ports in 
electrical combination with a respective plurality of Single 
ended ports of Said device. 

25. A System as recited in claim 15 and further comprising 
means for repeating Said Steps of representing and calculat 
ing for multiple balanced ports of Said device. 

26. A System as recited in claim 15 and further comprising 
means for normalizing Said S-parameter matrix to an arbi 
trary impedance value. 

27. A system as recited in claim 26 and wherein said 
means for normalizing normalizes each port of Said match 
ing network to a different characteristic impedance value. 

28. An article of manufacture comprising computer read 
able Storage media including computer Software embedded 
therein that causes a processing unit to perform the method 
comprising the Steps of: 

representing at least one balanced matching network 
having a balanced input port and a balanced output 
port, 

representing a connection of Said at least one matching 
network between Said balanced output port and a 
balanced port of Said device, 

calculating a matching network S-parameter matrix, 
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obtaining a device S-parameter matrix, 
calculating a cascaded S-parameter matrix for Said match 

ing network in combination with Said device, and 
extracting mixed-mode cascaded S-parameters from Said 

cascaded S-parameter matrix. 
29. An article of manufacture as recited in claim 28, the 

Step of representing Said at least one matching network 
further comprising the Steps of representing Said at least one 
matching network with a combination of a shunt network 
and a lattice network. 

30. An article of manufacture as recited in claim 29 and 
further comprising the Step of representing Said at least one 
matching network with an impedance translation element. 

31. An article of manufacture as recited in claim 28, Said 
at least one matching network comprises a cascaded com 
bination of a balanced impedance translation element, a first 
shunt network, a first lattice network, a Second shunt 
network, and a Second lattice network, wherein 

each said shunt network comprises a parallel impedance 
element between first and Second shunt nodes, and first 
and Second shunt elements between Said first and 
Second shunt nodes, respectively, and a reference 
potential, and 

each said lattice network comprises a first Series imped 
ance element between first and third lattice nodes, a 
Second lattice impedance element between said Second 
and fourth lattice nodes, a first croSS impedance ele 
ment between Said first and fourth lattice nodes and a 
Second croSS impedance element between Said Second 
and third lattice nodes, 

calculating a corresponding matching network 
S-parameter matrix, and 

characterizing at least one port of Said device in electrical 
combination with Said matching network. 

32. An article of manufacture as recited in claim 28 
wherein Said Step of calculating Said matching network 
S-parameter matrix further comprises the Steps of calculat 
ing an open circuit impedance matrix for each said first and 
Second shunt networks and calculating a short circuit admit 
tance matrix for each said first and Second lattice impedance 
networks, calculating an impedance matrix for Said match 
ing network, and converting Said impedance matrix to Said 
matching network S-parameter matrix. 

33. An article of manufacture as recited in claim 32 and 
further comprising the Step of normalizing Said cascaded 
S-parameter matrix to an arbitrary characteristic impedance. 

34. An article of manufacture as recited in claim 33 and 
wherein Said Step of normalizing further comprises normal 
izing each port of Said matching network to a different 
impedance value. 

35. An article of manufacture as recited in claim 28 and 
further comprising the Step of representing at least one 
Single-ended matching network in electrical combination 
with at least one Single-ended port of Said device. 

k k k k k 


